Generation of (membrane potential) by cytochrome oxidase proteoliposomes oxidizing superoxidereduced cytochrome c has been demonstrated. XO + HX (xanthine oxidase and hypoxanthine) were used to produce superoxide. It was found that the generation of is completely abolished by cyanide (an uncoupler) or by superoxide dismutase, and is enhanced by nigericin. Addition of ascorbate after XO + HX causes a further increase in . On the other hand, XO + HX added after ascorbate do not affect , indicating that superoxide does not have measurable protonophorous activity. The half-maximal cytochrome c concentration for generation supported by XO + HX was found to be approx. 1 µM. These data and the results of some other researchers can be rationalized as follows: (1) O 2 accepts an electron to form superoxide; (2) cytochrome c oxidizes superoxide back to O 2 ; (3) an electron removed from the reduced cytochrome c is transferred to O 2 by cytochrome oxidase in a manner that generates μ H + (transmembrane difference in electrochemical H + potential). Thus cytochrome c mediates a process of superoxide removal, resulting in regeneration of O 2 and utilization of the electron involved previously in the O 2 reduction. It is important that cytochrome c is not damaged during the antioxidant reaction, in contrast with many other antioxidants.
Introduction
For many years, reduction of cytochrome c by superoxide has been employed as a method to measure superoxide generation. In 1997, Forman and Azzi [1] suggested that the amount of cytochrome c in the mitochondrial intermembrane space is so large that all superoxide produced by the mitochondrial respiratory chain and released into this space should be oxidized by cytochrome c back to O 2 . However, it was later shown by our group that cytochrome c in solution is competent in O 2
•− oxidation, whereas membranebound cytochrome c is not [2] . We assumed that O 2
•− or other ROS (reactive oxygen species) induce desorption of cytochrome c from the outer surface of the mitochondrial inner membrane to the intermembrane space, in this way activating the O 2
•− -oxidizing function of cytochrome c [3, 4] . This assumption was confirmed by Nomura et al. [5] , who showed that cytochrome c binds preferentially to cardiolipin, but not to cardiolipin hydroperoxide, which is easily formed from cardiolipin when the ROS level increases. They found that, during apoptosis, cardiolipin peroxidation in the mitochondria of leukaemia cells occurred before the cytochrome c release from mitochondria to cytosol.
Thus it seems probable that mitochondrial cytochrome c can regenerate O 2 from O 2
•− under conditions of oxidative stress. The question arises of whether reduced cytochrome c formed as a result of the O 2
•− oxidation is re-oxidized by cytochrome oxidase to generate μ H + (transmembrane difference in electrochemical H + potential) sufficient to support [6] [7] [8] (for discussion, see [9] ), activation of uncoupling proteins [10] or oxidative damage to membrane lipids and proteins [11] . Some indications that this may be the case were reported by several groups when the respiratory control ratio [12, 13] or H + leakage [8, 10] was measured. In 1990, Kathleen Mailer [13] described ATP synthesis in rat heart mitochondria initiated by adding xanthine and XO (xanthine oxidase). The phosphorylation rate was 3-4 times lower than with succinate as a substrate. The effect was rotenone-resistant, being accompanied by an increase in the degree of reduction of endogenous cytochrome c and cytochrome oxidase. Other respiratory chain inhibitors or uncouplers were not tested. ATP formation was inhibited by SOD (superoxide dismutase), but only partially (by 50%). This fact was explained by the author assuming that cytochrome c is reduced by O 2
•− in the lipid phase of the membrane, which is inaccessible to water-soluble SOD. This assumption is hardly valid since, as mentioned above, membrane-bound cytochrome c cannot be reduced by O 2
•− . An alternative explanation might be that H 2 O 2 formed from O 2
•− by SOD, or H 2 O 2 -induced electron donors, interacts with the mitochondrial respiratory chain in a μ H + -generating fashion (e.g. see [14] ). In this paper, μ H + generation supported by O 2
•− oxidation was investigated using the simplest model system, i.e. cytochrome oxidase proteoliposomes. It was found that addition of XO + HX (hypoxanthine) to the proteoliposomes results in the generation of (membrane Beef heart cytochrome oxidase was isolated as described in [15, 16] . Reconstitution of cytochrome oxidase in proteoliposomes was performed as in [17] . To measure , the safranin O response ( A 565−523 ) was employed, which is known to be a linear function of in the region 50-170 mV [18] [19] [20] . The incubation mixture contained 25 mM Mops (pH 7.0), 2.5 mM MgSO 4 , 0.1 mM EDTA, 25 mM K 2 SO 4 and 20 nM cytochrome oxidase proteoliposomes, pH 7.0, T o = 28 • C. In (A) and (C-F), XO (0.015 unit/ml) was also present. Where indicated, the mixture was supplemented with 1 µM nigericin, 30 units · ml −1 SOD or 1 µM FCCP. Additions (arrowed) were: 0.04 mM HX, 0.015 unit/ml XO, 3 mM ascorbate (asc), 1 µM FCCP and 4 mM KCN.
potential), which requires cytochrome c and which is completely abolished by SOD as well as by cyanide or by an uncoupler.
Superoxide oxidation supports generation in proteoliposomes
Results of measurements in cytochrome oxidase proteoliposomes are shown in Figure 1 . Addition of HX to a mixture containing XO, cytochrome c and cytochrome oxidase proteoliposomes gives rise to generation of , which can be enhanced by including the K + /H + antiporter nigericin in the incubation medium ( Figure 1A ). This is exactly the effect expected, assuming that O 2
•− formed due to HX oxidation by XO is oxidized by the cytochrome c/cytochrome oxidase system and that such an oxidation generates and pH, the latter being converted into by nigericin. Addition of ascorbate after HX initiates a further increase in , which is completely abolished by protonophorous uncoupler FCCP ( p-trifluoromethyl carbonyl cyanide phenylhydrazone). and H 2 O 2 produced by the XO + HX system fail to induce measurable H + leakage through the proteoliposomal membrane. Again, addition of a protonophore results in collapse. In Figure 1 (C) it is shown that HX-induced generation is sensitive to cyanide, a cytochrome oxidase inhibitor.
An important control for the O 2
•− -dependence of a process is its sensitivity to SOD. As one can see in Figure 1 (D), HX and FCCP do not induce any effect if the incubation mixture is supplemented with SOD. Thus we can conclude that generation supported by HX oxidation is indeed mediated by O 2
•− . Similarly, no generation is revealed when the mixture is supplemented with FCCP instead of SOD ( Figure 1E) .
Titration of the HX-induced by cytochrome c is shown in Figure 1(F) . No is formed without cytochrome c. This means that H 2 O 2 or product(s) initiated by H 2 O 2 that might directly affect cytochrome oxidase in a cytochrome c-independent fashion do not contribute to the generation supported by HX + XO. The half-maximal effect of cytochrome c on HX-induced generation was observed at approx. 1 µM cytochrome c.
Conclusion
The data described above show that the O 2
•− /cytochrome c system can serve as an electron donor for cytochrome oxidase. The rate of the process is sufficiently high to overcome H + leakage through the proteoliposomal membrane, so that a measurable is generated. This means that (i) neither O 2
•− nor H 2 O 2 produced by XO + HX cause significant damage to cytochrome oxidase or to lipid components of the proteoliposomal membrane, and (ii) O 2 •− per se does not induce a measurable increase in the H + conductance of this membrane. Thus cytochrome c seems to be an ideal antioxidant. It attacks superoxide, the primary ROS which initiates the formation of other ROS. As a result, (i) O 2 is regenerated, (ii) an electron removed from O 2
•− is utilized for membrane energization, and (iii) the initial (oxidized) form of cytochrome c is regenerated (Scheme 1).
Apparently, O 2 •− detoxification is not the only antioxidant function of cytochrome c. Recently Iwahashi et al. [21] reported that cytochrome c catalyses formation of the penthyl and octanoic acid radicals from linoleic acid hydroperoxide. This may be a mechanism of removal of fatty acid hydroperoxides from the outer leaflet of the mitochondrial inner membrane [11] . Such a process was assumed to complete the removal from the inner membrane of the fatty acid hydroperoxides, initiated by uncoupling protein-mediated electrophoretic pumping of anions of these hydroperoxides from the inner to the outer membrane leaflet (for details, see [11] ).
An opposite (pro-oxidant) function of cytochrome c was postulated by Kagan and co-workers [22] for cytochrome c released from mitochondria into the cytosol during apoptosis. It was shown that cytochrome c added to liposomes or incorporated into the intact cells oxidizes phospholipids, with phosphatidylserine being the preferential target. These workers speculated that phosphatidylserine oxidation in the plasma membrane, a typical feature of apoptosis, is a result of the cytochrome c release into the cytosol. On the other hand, such an effect could be limited by cytochrome c nitrosylation, discovered recently by Schonhoff et al. [23] . These authors found that an early apoptotic event preceding cytochrome c release is formation of a cytochrome c-NO complex, which should be inactive in any redox reactions. The authors estimated the degree of nitrosylation of the cytochrome c pool to be about 60%. Perhaps the rest of the cytochrome c that remains intact might be involved in the plasma membrane phosphatidylserine oxidation. If this were the case, cytochrome c would be involved in the burst of ROS formation during apoptosis, an example of perversion of normal function of a biological system when programmed cell death is initiated.
